Source separation, composting and anaerobic digestion, with associated land application, are increasingly being considered as alternative waste management strategies to landfilling and incineration of municipal solid waste (MSW). Environmental life cycle assessments are a useful tool in political decision-making about waste management strategies. However, due to the diversity of processed organic MSW and the situations in which it can be applied, the environmental impacts of land application are very hard to determine by experimental means. In the current study, we used the agroecosystem model Daisy to simulate a range of different scenarios representing different geographical areas, farm and soil types under Danish conditions and legislation. Generally, the application of processed organic MSW resulted in increased emissions compared with the corresponding standard scenarios, but with large differences between scenarios. Emission coefficients for nitrogen leaching to the groundwater ranged from 0.03 to 0.87, while those for nitrogen lost to surface waters through tile drains ranged from 0 to 0.30. Emission coefficients for N 2 O formation ranged from 0.013 to 0.022 and for ammonia volatilization from 0.016 to 0.11. These estimates are within reasonable range of observed values under similar conditions. Furthermore, a sensitivity analysis showed that the estimates were not very sensitive to the mineralization dynamics of the processed organic MSW. The results show that agroecosystem models can be powerful tools to estimate the environmental impacts of land application of processed MSW under different conditions. Despite this, agroecosystem models have only been used to a very limited degree for this purpose.
Introduction
In most parts of the world, municipal solid waste (MSW) is largely incinerated or landfilled. However, increased attention has been given to alternative waste management options such as source separation into organic and inorganic fractions followed by either composting or anaerobic digestion with accompanying biogas production. The number of composting facilities and the amount of source-separated and composted MSW has been increasing in many countries of Europe [1, 2] and in the United States [3] . The European Community has initiated a consultative process which will assist in the creation of new policies for waste prevention and recycling [4] . Composting and anaerobic digestion of MSW are strategies that are likely to be employed to reduce waste generation and to recycle nutrients.
Application of composted MSW to agricultural land has several beneficial effects. Generally, the compost increases soil fertility by adding nutrients such as N, P and K, thus substituting mineral fertilizers [5, 6] . Addition of compost also increases plant health primarily by protection against plant pathogens [7, 8] . Furthermore, the addition of organic materials and the associated increase in soil organic matter (SOM) has been associated with many positive effects such as improved soil structure, increased water holding capacity and infiltration, increased workability and reduced erosion [9Y11]. However, application of composted MSW is also associated with a range of negative environmental impacts. Heavy metals and organic compounds from the compost can potentially migrate to drinking water and accumulate in food crops [12, 13] . Increased leaching of nitrogen after application of composted MSW poses a problem with eutrophication of aquatic environments such as streams, lakes and estuaries [14, 15] . Likewise, increased volatilization of ammonia may also lead to eutrophication of sensitive ecosystems. Finally, increased production of greenhouse gasses such as CO 2 , CH 4 and N 2 O after application of composted MSW exacerbates problems with global warming [16, 17] . Some of the trace gasses also participate in the depletion of stratospheric ozone. Limited information is available about the effects of application of anaerobically digested MSW, but many of the effects are likely to be the same as those of composted MSW.
The environmental impacts of composting or anaerobic digestion and application of the processed organic MSW on agricultural land can be compared with those of incineration, landfilling and other alternative scenarios in life cycle assessments (e.g., [18, 19] ). These assessments should include the environmental impacts of land application of the processed organic MSW. However, these impacts are difficult to assess by experimental means for several reasons. First, they can only be assessed under field conditions, with associated problems in terms of variation in climate and heterogeneity of the experimental area. Furthermore, there is a wide range of situations such as different climates, soil types, and crop rotations where compost can be applied. This means that the impacts can be very dependent on the specific situation in which the material is applied. Finally, many of the environmental impacts such as nitrogen leaching and denitrification are very difficult to measure under field conditions, and some of them only manifest themselves over extended periods. This means that it is a major task to assess the environmental impact of land application of the processed organic MSW in a specific situation by experimental means. A potential alternative is to assess the environmental impacts of the specific situation through simulation with an agroecosystem model. In such models, the information from a large range of different experiments under different conditions has been integrated through model development, parameterization and calibration. The impact of land application of the processed organic MSW can be evaluated in scenarios prepared for the simulation model. A complex agroecosystem model called BDaisy^was used for the analysis performed here. The model has been used extensively for environmental impact assessment; e.g., [20Y23] .
The purpose of this study is to use data on the C and N mineralization dynamics of composted and anaerobically digested organic MSW from the literature to obtain parameters for Daisy to describe the patterns. Subsequently, the model will be used to simulate a range of different realistic scenarios under Danish conditions with and without application of processed organic MSW and the scenarios generated will be used to assess and compare the environmental impacts.
Materials and methods

The Daisy model
The Daisy model is a one-dimensional, deterministic agro-ecosystem model that includes a hydrological model, a crop model, a mineral nitrogen model, and an SOM model [24] . The hydrological model simulates soil temperature, evapotranspiration, and soil water transport using Richard's equation. The nitrogen model simulates nitrification and denitrification and transport of ammonium and nitrate using the convectionYdispersion equation. Nitrification is modeled by saturation kinetics depending on the ammonium concentration, the maximum nitrification rates depending on soil temperature and soil water pressure potential (which is related to oxygen concentration). Potential denitrification is a function of soil respiration, whereas actual denitrification is dependent on diffusion of nitrate to anaerobic micro sites, which is assumed to be proportional to the nitrate concentration. Nitrous oxide formation associated with nitrification and denitrification is modeled as a fraction of the nitrogen flux through each process. The time step of the simulations is one hour. Daisy has performed well in several model comparisons for both short-and long-term nutrient and SOM dynamics [ 25Y 27] . The model can be downloaded free of charge at http://www.dina.kvl.dk/~daisy.
The SOM model simulates mineralization of nitrogen and carbon. The SOM model partitions organic matter into two added organic matter pools (AOM1 and AOM2), two soil microbial biomass pools (SMB1 and SMB2), and two SOM pools (SOM1 and SOM2), see figure 1 . Each of the model pools decays by first order kinetics and has a fixed C/N ratio that defines the nitrogen dynamics of the model. The SOM model was recently recalibrated and validated using data from Danish long-term experiments [28] . New material, such as processed organic MSW, enters the model through the AOM1 and AOM2 pools. Furthermore, some material may enter directly into the SOM2 pool. It is the distribution of the added materials between these pools, their turnover rates, and C/N ratios that determine the C and N mineralization dynamics of the added material.
Scenarios
To assess the consequences of application of composted and anaerobically digested organic MSW under Danish conditions and legislation we developed a range of different scenarios. The purpose of these scenarios was to represent a range of different realistic conditions under the waste products may be applied in Denmark.
Basic scenarios were developed representing the 16 most prevalent combinations of farms with predominantly pig, plant, and dairy production in two different climate zones (East Denmark with an average precipitation of 661 mm year j1 and West Denmark with an average precipitation of 991 mm year j1 ) and on two different soil types (sandy and loamy) (figure 2). For the livestock production farms, scenarios with both average and maximum livestock density permitted by existing regulations were included. The average livestock density on Danish farms in 2003 was found to be 0.89 livestock unit ha j1 [29] , whereas the density permitted by regulations is 1.7 livestock units ha j1 for dairy farms and 1.4 livestock units ha j1 for pig farms [30] . A livestock unit corresponds to a nitrogen excretion in manure of approximately 100 kg N year j1 .
Realistic crop rotations were constructed to be typical rotations for the climatic zones and farm types in question (table 1). The amounts of nitrogen in fertilizer applied to the different crops were calculated on the basis of Danish fertilizer legislation [30] . According to the regulations, accounts must be kept regarding the nitrogen fertilizer applied to the fields of a farm. Each crop can be supplied with a specific maximum amount of nitrogen (N-norm) depending on the preceding crop and the soil type. Nitrogen from different organic fertilizers is accounted for with different use efficiencies (i.e., fraction of N in the organic material counting as mineral fertilizer in the N accounts). These efficiencies are 0.75 for pig slurry and 0.7 for cattle slurry. By assuming that the livestock units consisted of dairy cows (without heifers) in a barn with fixed positions and slatted floor and feeding hogs in a barn with fully slatted floor, the amount of slurry produced on each respective farm type was calculated according to the regulations. For farms with an average livestock density, this resulted in 94.6 kg N ha j1 as slurry for dairy farms and 85.5 kg N ha j1 as slurry for pig farms. The corresponding numbers for the farms with maximum livestock densities were 180.7 kg N ha j1 for dairy farms and 134.6 kg N ha j1 for pig farms.
The calculated amount of slurry produced at the farms was distributed in the crop rotations and the remaining N permitted by regulations [30] was supplied as mineral fertilizer. Fertilizers and slurry were applied in accordance with principles used in normal farm practice in Denmark. The principles used were: (1) Slurry was preferentially given to spring-sown crops, because the application can be followed by plowing which reduces ammonia volatilization. However, the year where processed organic MSW was applied, supplementary fertilization was preferentially given as mineral fertilizer, even though this year had a spring-sown crop. This was done to minimize the differences in the distribution of slurry applications between scenarios with application of processed MSW and the corresponding standard scenario. (2) Grazed grass/clover was not fertilized with slurry except for 80 kg ha j1 year j1 corresponding to natural defecation and urination of the animals during grazing.
We expanded upon the basic scenarios by adding scenarios with composted and anaerobically digested organic MSW applications. This was done by one application of processed organic MSW in the first year of the crop rotation, which had a spring-sown crop allowing spring application of the processed organic waste. Accord- ing to the regulations a maximum of 170 kg total N ha j1 can be supplied as organic fertilizers on land where waste derived material is supplied and no other organic fertilizers are allowed that year. The regulation N use efficiency that must be assigned in the N accounts is 20% for compost and 40% for other organic manures such as anerobically digested MSW. We applied amounts corresponding to the maximum allowed nitrogen rate of 170 kg ha j1 in the scenarios with addition of composted or anaerobically digested MSW. The N added as waste treatment products substituted for N applied in the basic scenario as mineral fertilizer according to the regulations. The slurry produced on the livestock farms was subsequently distributed in the other years of the crop rotation.
Model setup
We used the Daisy version 3.47 for the current application of the model. The application complies with the rules of application in the manual [31] . The application manual is accompanied by a number of computer libraries containing standard parameterizations of a range of soil types and crops.
The climatic data were taken from Børgesen et al. [21] and is the same Fnormalized_ year repeated every year. The precipitation of the normalized year was adapted to the East and West Denmark climates by multiplying it by a calibration factor calculated from the average monthly precipitation in the area. The annual precipitation for these two climate zones is 661 mm for East Denmark and 991 mm for West Denmark. To make sure the amount of the water and nitrogen balances had equilibrated with the crop rotation and management, we chose to run the rotation two times prior to the simulation period, resulting in an initialization period of 16 years for the arable and pig rotations and 12 years for the dairy rotations.
To describe the hydraulic and thermal properties of the soils, the standard Daisy library contains a number of parameterizations for typical Danish soil types. We used the standard parameterization of a coarse sand soil (3.9% clay, 6.4% silt, 20.4% fine sand, 66.6% coarse sand, and a bulk density of 1.45 g cm j3 in the top soil) and a sandy clay loam (17.5% clay, 25.8% silt, 30.5% fine sand, 23.7% coarse sand, and a bulk density of 1.53 g cm j3 in the topsoil) under Danish conditions. The parameterization of the deeper horizons of these particular soil types also followed the standard parameterization. Most sandy soils are not subjected to tile drainage and therefore the lower boundary condition was specified as free drainage (i.e., a pressure boundary) in these soils. In contrast, most loamy soils in Denmark are tile drained and therefore we specified this as the lower boundary condition. To make sure that the tile drains were set up properly, we calibrated the conductance and the depth of the aquitard (water restricting layer) so that approximately half of the water percolating through the soil drained through the tiles [32] . We achieved this by using an aquitard depth of 2.5 m and a conductance value of 7.5 Â 10 j4 cm h j1 under the East Denmark climate and a value of 2.5 Â 10 j4 cm h j1 under Table 2 Values of the carbon content (kg m j2 ) in the different scenarios used to initialize the simulations (from Heidmann et al. [33] The values from 0 to 300 cm are those calculated by Daisy after the initialization of the model by integrating the other values from 0 to 300 cm. The crop rotations were constructed to be typical for the Danish climatic zones and farm types studied.
the West Denmark climate. The maximum rooting depth is dependent on the soil type. The values used were the standard values, with 50 cm for the sandy soil and 100 cm for the loamy soil. The soil organic carbon contents were taken as the average values for soils with similar texture from Heidmann et al. [33] . The values were converted to kg m j2 using the bulk densities of the standard soils. This led to the values given in table 2. The quantity of the organic matter inputs before the onset of the simulation influences the distribution of carbon between the SOM pools of the model [34] . Therefore, an estimate of the size of the inputs during the period before the onset of the simulations is needed for initialization of the SOM model. Realistic values of these inputs were assessed by simulating the crop rotations once and assuming that these were the inputs before the simulations started.
Standard parameterizations of crops and management dates for tillage, sowing and harvest were used [31] . Most sandy soils in Denmark are subjected to irrigation in periods with little precipitation. We used the standard recommendations on the sandy soil where irrigation is performed each time the water pressure potential is below j400 cm at a depth of 30 cm. At each irrigation event 30 mm was applied, but only in the recommended irrigation periods.
The standard parameterizations in DHI [31] were used to define the parameters of the slurry applications. Standard dates of application of organic and mineral fertilizers and contents of ammonia, nitrate, and water were used. Some autumn-sown crops are usually supplied with an early application of fertilizer in March, followed by a later application at the end of April. In these instances we applied 30% of the total application early and the rest at the later application. The application of fertilizer on the pastures was split into four applications, namely, 30% 15 March, 30% April 1, 20% 1 May, and 20% 15 August.
Nitrogen crop yields were corrected to be in accordance with average yields measured for the crop in question during the period 1990Y2001 [31] . In accordance with this, we calibrated the photosynthesis efficiency at different development stages of the crops (the DSeff parameters) in order to obtain reasonable agreement between simulated and expected N yields. A comparison between the expected and simulated N yields after the calibration is shown in figure 3 . After the calibration, there appears to be reasonable agreement between the expected and simulated N yields, except for the grass/clover pasture. We attempted to calibrate the clover and grass modules to agree with the expected values, but it was impossible to avoid higher simulated yields in the second year compared to the first year of grass/clover. Therefore, we restricted the calibration to make the average N yield of the two consecutive grass/clover pastures correspond to the expected value.
Calibration of mineralization dynamics of composted and anaerobically digested MSW
The application manual for Daisy provides a parameterization of source-separated composted MSW using data on its chemical composition from a number of different sources [31] . However, as the exact mineralization pattern is of importance in the current context, we recalibrated the parameters pertaining to the mineralization dynamics.
To obtain data for the calibration we compiled data from different incubation experiments measuring either C or N mineralization of relevant composted organic MSW products. Composted MSW can potentially have very different mineralization dynamics depending on the initial material, the bulking agent used and the maturity of the product. Therefore we selected experiments that fulfilled a number of criteria. To avoid an immobilization phase and other adverse effects on crop yields, mature composts are generally recommended for agricultural purposes [35] . Furthermore, a bulking agent with a high C/N ratio is usually used to ensure sufficient aeration during the composting process. Finally, we were interested in the long-term dynamics and therefore the experiments had to cover a sufficient time span. We used data on C mineralization of the compost in the Orthic Luvisol from Leifeld et al. [36] and data on C and N mineralization from the mature compost at 15-C from Chodak et al. [37] . Finally, we used the data on the mature household waste compost from Asdal et al. [38] . The data from these incubations could be fitted with the same simulation because the clay content does not influence the decomposition of AOM pools in the Daisy model, and all incubations were done under optimal water conditions, and the temperature was almost identical in the different incubations. The fitting was done by the method of least squares and by modifying the turnover rates of AOM1 and AOM2, the C/N ratio of AOM1, and the fraction of AOM diverted to AOM1 and AOM2.
We were only able to find a very limited number of papers with useful data on the mineralization pattern of anaerobically digested organic MSW. Therefore, we applied the parameters pertaining to the rate of decomposition of AOM1 and AOM2 from the composted MSW and modified the parameters pertaining to the chemical composition in accordance with unpublished data from measurements on anaerobically digested organic MSW.
Sensitivity analysis
To test the influence of the mineralization dynamics of the processed MSW on the results we performed a sensitivity analysis. To do this, we needed to change the course of the N mineralization so that it covered a range that might be expected due to variation between composted MSW products from different sources. Therefore we ran a simulation with faster mineralization (+M) and a simulation with slower mineralization (jM), spanning a reasonable range of mineralization patterns for both composted and anaerobically digested MSW as shown by the variation in the observations. A range of different parameters in the model can be changed to obtain the different mineralization patterns. We chose to modify the N mineralization patterns by changing the parameter representing the C/N ratio of the AOM1 pool because it can be changed without changing the mineralization pattern of C.
Simulations and expression of results
To assess the environmental impacts of a single application of processed organic MSW, these scenarios started with one application in the first year of the first rotation followed by corresponding crop rotations without any applications. Each of the scenarios was simulated for 100 years and the relevant emissions such as leached N, emitted N 2 O and CO 2 were logged. Nitrogen (mainly in the form of NO 3 j ) was considered to be lost from the root zone when it had leached below 3 m. The yearly loss rate due to nitrogen leaching was calculated as the total flux of nitrogen through this boundary divided by the number of simulated years.
The emission coefficient (k x ) of an element (C or N) in the processed organic MSW through the process x was calculated as:
where E x,P is the accumulated emission through x in the simulation of the scenario with application of processed organic MSW, E x,S is the emission in the simulation of the corresponding standard scenario and S P is the amount of the element applied as processed organic MSW in the scenarios.
The consequences for CO 2 emissions of processed organic MSW application are more complicated. After a single application, all of the carbon in the applied material will eventually be transformed into CO 2 . However, because some of the carbon is stored in the soil for an appreciable time, the emissions are delayed compared to incineration. Therefore, the amount of CO 2 emitted to the atmosphere is dependent on the time frame in which emissions are thought to be relevant. The emission coefficients were calculated for 10, 50 and 100 years to give a fair selection of time frames. Sometimes the environmental impacts are assessed as sequestered carbon, which is closely related to CO 2 emissions.
The above data presentation was chosen because of its appropriateness in connection with environmental assessment. As the regulations require proportionately more land for the application of more processed organic MSW, linearity can be assumed and consequently, the coefficients can be used to assess the impact of applying an amount of an element as processed organic MSW (A x,P ) by:
where E x is the emission through process x caused by the application of the processed organic MSW and k x is the emission coefficient estimated by equation (1).
Results
Calibration of the mineralization dynamics of processed organic MSW
Despite differences in origin and composition of the composted organic MSW, the mineralization dynamics during the standard conditions of the incubations still follow the same general pattern ( figure 4) . Thus, although the composted MSW differed, the approach of fitting the model to the data with a single simulation was justified. The model simulations corresponded very well to the observations after calibration of the compost mineralization dynamics ( figure 4) . The resulting parameters can be found in table 3. For comparison the old parameters are also shown in table 3, as are data pertaining to the chemical composition of the composted and the anaerobically digested organic MSW. The simulated mineralization dynamics under the standard conditions can be seen in figure 4 . The simulation with faster (+M) and slower (jM) mineralization used in the sensitivity analysis was obtained by changing the parameter representing the C/N ratio of the AOM1 pool. For the composted organic MSW, the parameter was changed from 29 to 26 in the +M simulation and to 32 in the jM simulation. For the anaerobically digested organic MSW, the parameter was changed from 29 to 22 for the +M simulation and to 36 for the jM simulation. The mineralization dynamics of the materials in the resulting simulations are also shown in figure 4.
Dynamics of the emissions after application of processed organic MSW
The pattern of increased emission of pollutants after application of the two types of processed organic MSW in the scenario representing an arable farm in West Denmark on a loamy soil is shown in figure 5 , as an example. The increased N leaching to the groundwater (a), increased N in drainage water (b), increased N 2 O formation (c) and increased CO 2 formation (d) are shown in the figure.
There was a surge of emissions shortly after the application of processed organic MSW, followed by a period of dwindling additional emissions for nitrogen leaching to the groundwater, loss through tile drainage and N 2 O formation. The initial surge of emissions was higher for the anerobically digested MSW than for the composted MSW, whereas the emissions were higher for the compost later in the period. Most numbers are derived from the standard parameterization [31] . For calibrated parameter value, the original value is given in brackets. AOM = added organic matter.
The additional emissions of CO 2 in the scenarios with application of processed organic MSW decreased sharply after application because the organic C in materials was sequestered. Then the additional emissions gradually approached the emissions of the standard scenario as the organic material was decomposed.
Nitrogen leaching to the groundwater
The average rate of nitrogen leaching to the groundwater in the standard scenarios over the simulation period and the emission coefficients are shown in table 4. The leaching rates were higher in the sandy soil, with an average of 81 kg N ha j1 year j1 , compared to the loamy soil, with an average of 15 kg N ha j1 year j1 . The leaching rate also increased with increasing livestock density from arable farms to animal farms with average livestock density to livestock farms with maximum livestock density. Furthermore, very large losses were observed on dairy farms on sandy soil with grass/clover in the crop rotation.
The emission coefficients of leached nitrogen (k l-N ) express the extra nitrogen leaching in the scenarios with application of processed organic MSW compared with the corresponding standard scenarios, expressed as a fraction of the nitrogen added with the processed MSW. These emission coefficients were very variable ranging from 0.03 to 0.87 depending on the situation (table 4). Reflecting the higher leaching rates, the emission coefficients were also higher on the sandy soil compared to the loamy soil. However, higher animal density did not lead to higher emission coefficients in all the scenarios. Despite exceptions, the emission coefficients were generally higher for composted organic MSW than anaerobically digested organic MSW on the sandy soils, whereas the differences were less marked on the loamy soil.
The sensitivity analysis showed that variation in the mineralization dynamics within a reasonable range only influenced the estimated emission coefficients of nitrogen leaching to a limited extent. The deviations from the calculated emission coefficients in the simulations with the modified mineralization dynamics were generally small and caused a change in the emission coefficients of less than 30% in all scenarios and in most cases much less.
Nitrogen loss through tile drainage
The average rates of nitrogen loss through tile drainage and surface runoff in the standard scenarios over the simulation period and the emission coefficients of the applied processed MSW through these processes are shown in table 5.
In none of the scenarios was water lost through surface runoff. Therefore all the losses were through the tile drains. No nitrogen was lost through these processes on the sandy soils because the tile drains only occurred in the scenarios with loamy soil. The rates of nitrogen loss through tile drainage on loamy soil were all of the same magnitude and follow the same pattern between scenarios as the losses through leaching. In fact, the rates of nitrogen loss through leaching to groundwater and tile drainage on the loamy soil were very highly correlated (r = 0.9994). Therefore the rates of loss through drainage on the loamy soil also followed the same pattern as the losses though nitrogen leaching with more lost at higher animal densities. The average rate of nitrogen loss through tile drainage was 16 kg N ha j1 year j1 in the standard scenarios. It should be noted that losses to streams and lakes may occur later through recharge from upper groundwater layers. This was not included in the current simulations.
The emission coefficients did not seem to increase with animal density and the results did not indicate that the different mineralization dynamics of anaerobically digested MSW compared to the composted MSW had a definite effect on the emission coefficients.
The variation in the mineralization dynamics tested in the sensitivity analysis did not influence the emission Table 5 Average annual rates of nitrogen loss through tile drains (r r-N ) in the standard scenarios and the emission coefficients for nitrogen losses through the tile drains (k r-N ). 
Region
The percentage deviations from these coefficients in the sensitivity analysis are given for the parameterization with faster nitrogen mineralization (+M) and slower nitrogen mineralization (jM). The percentage deviations from these coefficients in the sensitivity analysis are given for the parameterization with faster nitrogen mineralization (+M) and slower nitrogen mineralization (jM).
coefficients through tile drainage very much. Again, the deviations of the calculated emission coefficients in the simulations from the modified mineralization dynamics were small.
N 2 O formation
The average rates of N 2 O formation in the standard scenarios over the simulation period and the emission coefficients are given in table 6.
The average value of N 2 O emissions from all scenarios was 3.9 kg N 2 O-N ha j1 year j1 varying between rates of 2.8 and 5.9 kg N 2 O-N ha j1 year j1 . The rate of N 2 O formation was dependent on farm type, being lowest on arable farms and gradually increasing with livestock density. In contrast, there was only a marginal effect of soil type. The emission coefficients were almost the same for application of composted organic MSW, with an average of 0.016, and application of anaerobically digested organic MSW, with an average of 0.015. There were no Table 6 Average annual rates of N 2 O-N formation (r f ÀN 2 OÀN ) in the standard scenarios and the emission coefficients for N 2 O-N formation during nitrification (k f ÀN 2 OÀN ). The percentage deviations from these coefficients in the sensitivity analysis are given for the parameterization with faster nitrogen mineralization (+M) and slower nitrogen mineralization (jM). The percentage deviations from these coefficients in the sensitivity analysis are given for the parameterization with faster nitrogen mineralization (+M) and slower nitrogen mineralization (jM).
general trends in the emission coefficients caused by soil type or animal density. The sensitivity analysis showed that the emission coefficients of N 2 O formation estimated by the model were not sensitive to the mineralization. The calculated emission coefficients in the scenarios with increased or decreased mineralization deviated with less than 7% from the standard simulations in all the scenarios.
Ammonia volatilization
The average rates of ammonia volatilization in the standard scenarios over the simulation period and the emission coefficients of ammonia volatilization are shown in table 7.
As no ammonia volatilization occurs from mineral fertilizers, the rate of volatilization at the arable farms is Table 8 Average annual rate of CO 2 -C emission (r rÀCO2ÀC ) in the standard scenarios and emission coefficients (k rÀCO2ÀC ) 10, 50 and 100 years after application. The standard parameterization of organic fertilizers assumes that 15% of the ammonium in the organic fertilizers is volatilized as ammonia when surface-applied. Considering the ammonium content of MSW compost this leads to emission coefficients of 0.016, while the corresponding figure for anaerobically digested MSW is 0.075. As both types of processed organic MSW are always assumed to be surface-applied, these emission coefficients will be obtained if the processed organic MSW replaces mineral fertilizer. However, on spring-sown crops, animal slurry is usually injected or plowed in immediately after the application and the standard assumption is that no ammonia is volatilized in this situation. Therefore, in scenarios where the application of processed organic MSW imposes a redistribution of slurry from spring-sown to autumn-sown crops, the emission coefficients will be higher because the loss from spring-sown crops is smaller than that from autumn-sown crops. The emission coefficients also increased in some cases with the animal density because the application of processed organic MSW requires more slurry to be reallocated from spring-sown crops to autumn-sown crops when more slurry was applied in the crop rotation.
Years after application
In the model the volatilization of ammonia is not dependent on the mineralization dynamics at all, as evidenced by the results of the sensitivity analysis, where the deviations of the emission coefficients in simulations with altered mineralization dynamics were all zero. The volatilization is only dependent on the fraction of the material that is supplied as ammonium and therefore the mineralization dynamics do not influence ammonia volatilization. Table 8 shows the emission rates of CO 2 in the standard scenarios and emission coefficients of CO 2 to the atmosphere after 10, 50 and 100 years.
CO 2 emissions to the atmosphere
Most soils had positive CO 2 emission rates, indicating that more CO 2 was released through respiration than fixed by photosynthesis. However, this was not the case for the dairy farms on the loamy soil, because of the high inputs of organic matter from the grass/clover in the crop rotation. Generally, the emission rates were higher with higher animal density and higher on sandy than on clayey soil.
The emission coefficients indicated that for composted MSW between 0.19 and 0.25 of the carbon originally supplied had been emitted as CO 2 10 years after the application. This gradually increased so that after 50 years between 0.66 and 0.75 had been emitted and the excess carbon in the amended soils was even further reduced after 100 years. Between 0.14 and 0.37 of the carbon supplied by anaerobically digested MSW compost had been emitted as CO 2 after 10 years and between 0.63 and 0.83 after 50 years. There was no general tendency for emission coefficients to change with animal density or soils type. However, emission coefficients tended to be more variable after application of anaerobically digested MSW than after composted MSW. The low carbon content and high nitrogen content of the former material means that the amount of carbon supplied to the field is small compared to changes in crop production that the relatively large amounts of nitrogen can cause.
Discussion
Despite the great potential, agroecosystem models have only to a very limited degree been used to assess the environmental impacts of applying composted MSW on agricultural land. Gerke et al. [23] used the Daisy model to estimate the effect of composted MSW on nitrogen leaching, SOM content, and crop production. In agreement with our results, they observed higher nitrogen leaching in scenarios with composted MSW application. Dalemo et al. [39] used results of simulations with the model agroecosystem model FSoilN_ to estimate emission coefficients for the waste management model FORWARE_ under different Swedish conditions. SoilN is a one-dimensional agroecosystem model simulating plant uptake, mineralization, leaching, and denitrification [40] . The calculated leaching coefficients ranged from 0.06 to 0.60 depending on soil type and drainage flow. These values correspond quite well with the values estimated with Daisy in this study, which ranged from 0.07 to 0.87 when contributions from leaching to the groundwater and losses through the tile drains were added.
The simulated emissions in the current scenarios are within reasonable distance of values observed in experiments conducted under similar conditions. Simmelsgaard [41] observed average leaching rates in the range of 40Y104 kg N ha j1 year j1 for soils with characteristics resembling our sandy soil and from 18 to 42 kg N ha j1 year j1 for soils resembling our loamy soil. Simmelsgaard and Djurhuus [42] observed an average value of 45.8 kg N ha j1 year j1 in a sandy soil and 37.9 in a loamy soil. These values can be compared with the average value of 80.7 kg N ha j1 year j1 on the sandy soil and 31.3 kg N ha j1 year j1 on the loamy soil lost through tile drainage and by leaching to the groundwater in the present study. Freibauer and Kaltschmitt [43] reviewed studies estimating N 2 O emissions in Europe. In the BTemperate West^region they found average N 2 O emissions of 1.8 kg N 2 O-N ha j1 year j1 and a range of 0Y8.0 kg N 2 O-N ha j1 year j1 . For comparison, the average value in our scenarios was 3.9 kg N 2 O-N ha j1 year j1 , with a range of 2.8Y5.9 kg N 2 O-N ha j1 year j1 . Although these rates are within the right range, they still seem to be slightly high on average. Ammonia volatilization on application of manures is very variable and dependent on several different factors [44] .
The assumption of the model that 15% of the applied ammonium is volatilized as ammonia when it is surfaceapplied to a growing crop is probably too simplistic, but a good average. When manure is injected or incorporated before sowing, some ammonia still volatilizes. The model assumption that no ammonia volatilizes in this situation is therefore not true, although injection and incorporation of the manure reduces losses significantly [44, 45] .
The very small variation between the emission coefficients of N 2 O formation after application of the processed organic MSW is due to the fact that the model simulates it as a fraction of the ammonium that is nitrified, reminiscent of the methodology recommended by the IPCC [46] to estimate N 2 O emissions. This also resulted in very small changes in the emission coefficients in the simulations with altered mineralization dynamics in the sensitivity analysis. The range of the emission coefficients of 0.014Y0.022 is in correspondence with the IPCC value of 0.0125 of added nitrogen that is eventually emitted as N 2 O. However, the variation in ammonia volatilization between scenarios and applied materials is too small due to the simplistic assumptions of the model, although the emissions are of a reasonable magnitude. To develop the model further in this field, a more detailed model describing the formation of anaerobic micro sites as influenced by the presence of organic matter and limited oxygen diffusion may be needed. However, this is not considered to be realistic in the near future.
The timescale at which the impacts are assessed has some influence on the conclusions drawn from the simulations. In the current study the impacts were assessed by simulating 100 years after an application of processed organic MSW, after which almost no differences in emission rates between scenarios with application and the corresponding standard scenario were observed (figure 5). However, even after 100 years there was still a little organic matter left from the original application, producing small differences in emission rates between the two scenarios. The experiments used for calibration of composted MSW decomposition were not very long, the longest lasting for 552 days for C and 210 days for N, at which point about 95% of the C and 78% of N was still not mineralized. Therefore, the last part of the mineralization dynamics cannot be expected to be very well described. Furthermore, composted MSW differs very much in quality depending of the origin of the waste, the added bulking agent and maturity. The data we collected from different sources did not seem to differ markedly, mainly because they all related to mature composted MSW. Therefore, the results of the composted MSW simulations are to a certain degree dependent on whether the parameterization used is applicable for the material in question, while the simulations with anaerobically digested MSW must be considered even more uncertain. However, in both cases the sensitivity analysis showed that the simulations were not very sensitive to the mineralization dynamics, and therefore the estimates are still considered useful. A more detailed model relating some sort of quality index such as maturity measures of the added organic matter to the initial distribution of C and N to the different model pools may be useful.
The Daisy model has been under development for a long time and must be considered advanced compared to most land application modules of waste management models. However, there are still a number of areas where further development is needed. In addition to the deficiencies already pointed out, the current application showed that further improvement needs to be made regarding production of undersown crops, which are very hard to control.
We constructed a range of realistic scenarios representing situations under which composted and anaerobically digested MSW might be applied. However, the scenarios with applications on farms with high animal density are not realistic in the sense that processed organic MSW is unlikely to be applied in these situations. Nevertheless, we included farms with maximum animal density as the environmental impacts of the applications cannot be expected to be linearly related to animal density. However, we did not observe large increments in the environmental impacts on farms with maximum animal density compared to farms with average density.
The scenarios were, to as high a degree as possible, constructed to be in agreement with the Danish legislation and normal management practices for Danish agriculture. As the regulations and weather and soil conditions change from country to country, these simulation results must be considered specific to Danish conditions and legislation. For example, the regulations concerning the application of waste materials on agricultural fields did not allow any other organic fertilizers to be applied that year, forcing a change in the distribution of organic fertilizers. We tried to perform this redistribution in order to give the smallest reduction in yields, as would a farmer in that situation. However, on some farms a less optimal distribution of the manure in the crop rotations is obtained, resulting in reduced yields and increased nitrogen losses and environmental impacts. Even within Denmark, the results of the simulations are sensitive to the actual situation in which the application is made and only represent examples of what could happen if the application was made under the specific conditions in the scenarios. Therefore, care should be taken when generalizing to other situations or scaling up to larger areas using aerial information of farm and soil types.
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